Use of SNPs has been favored due to their abundance in plant and animal genomes, accompanied by the falling cost and rising throughput capacity for detection and genotyping. Here, we present in vitro (obtained from targeted sequencing) and in silico discovery of SNPs, and the design of mediumthroughput genotyping arrays for two oyster species, the Pacific oyster, Crassostrea gigas, and European flat oyster, Ostrea edulis. Two sets of 384 SNP markers were designed for two Illumina GoldenGate arrays and genotyped on more than 1000 samples for each species. In each case, oyster samples were obtained from wild and selected populations and from three-generation families segregating for traits of interest in aquaculture. The rate of successfully genotyped polymorphic SNPs was about 60% for each species. Effects of SNP origin and quality on genotyping success (Illumina functionality score) were analyzed and compared with other model and non-model species. Furthermore, a simulation was made based on a subset of the C. gigas SNP array with a minor allele frequency of 0.3 and typical crosses used in shellfish hatcheries. This simulation indicated that at least 150 markers were needed to perform an accurate parental assignment. Such panels might provide valuable tools to improve our understanding of the connectivity between wild (and selected) populations and could contribute to future selective breeding programs.
Introduction
Single Nucleotide Polymorphisms (SNPs) are the most common type of heritable variation at the molecular level (Zhu et al. 2003) . Their abundance in animal and plant genomes has led to their increased use in biological studies, from ecology to biology of evolution, and makes them an important tool for population and quantitative genetics studies. They are widely used, even in non-model species, to analyze genetic diversity and characterize genetic population structure, but are also useful in high-resolution genetic mapping, fine mapping of Quantitative Trait Loci (QTLs), linkage disequilibrium-based association mapping, parentage analyses, and marker-assisted selection (Garvin et al. 2010; Stapley et al. 2010; Ekblom et Galindo, 2011) . However, their detection and genotyping still remain a challenge in non-model species for which the whole genome is not yet sequenced and assembled (Seeb et al. 2011 ).
Even if a complete oyster genome sequence was released recently (Zhang et al. 2012 ), mollusks were not considered as model species although they are an important source of food for human consumption and include major fishery and aquaculture species all over the world. Indeed they account for 23.6% of total aquaculture production (FAO 2011) . By 2011, global production of oyster species has reached 4.52 million tones, among which 105 300 tones for the Pacific oyster, Crassostrea gigas in Europe. Additionally in Europe, mussels and the European flat oyster, Ostrea edulis, remain important aquaculture species, with culture based on natural recruitment from wild populations (mussels: 460 000 t; O. edulis: 2300 t; FAO, 2011) . As a result of their economic value, molecular markers have been developed over several decades to improve characterization of these species and their populations and for use as tools in breeding programs. This work began with the use of allozymes and has since expanded to include mitochondrial sequences, AFLPs and microsatellites markers. Several hundred markers are now available in C. gigas allowing the development of the first genetic maps (Hubert and Hedgecock 2004, Sauvage et al. 2010) . Although microsatellites remain the most commonly used markers for population genetic studies on non-model organisms (Guichoux et al. 2011 ) and for parentage assignment in aquaculture (Estoup et al. 1998; Haffray et al. 2012) , they may be soon replaced by SNPs due to the recent increase of commercially available genome-wide SNP arrays and high-throughput customer-designed genotyping of targeted variants for biologically-focused research, but also the unreliability of microsatellites, mainly because of allelic dropout.
There are two main differences between microsatellites and SNPs. First, as already mentioned, SNPs are more numerous than microsatellites in the genomes of most species.
Oysters are known for their high genetic variability (Hedgecock et al. 2005) . In Crassostrea gigas, one SNP per 60 bp has been observed in coding regions and one every 40 bp in noncoding regions (Sauvage et al. 2007 ). In C. virginica, the density of SNPs was estimated to be one every 20 bp on average (Zhang et al. 2010) . In the European flat oyster a recent study estimated an average density of one SNP every 76 bp in coding regions and one every 47 bp in non-coding regions (Harrang et al. 2013) . Another important difference is that the mutation rate per generation differs drastically between the two types of markers, being several orders Accepted Article of magnitude lower for microsatellites than for SNPs (Ellegren, 2000) . As a consequence, SNPs are typically diallelic (Krawczak 1999), whereas microsatellites generally have high allelic richness, reaching up to 20 alleles per locus in European flat oyster (Taris et al. 2009; Lallias et al. 2010) and even 40 alleles per locus in Pacific oyster (Rohfritsch et al. 2013) .
Consequently, several SNPs are usually needed to attain the same resolution as a microsatellite. On the basis of simulations, one may need two to three SNPs to equal the power of a microsatellite in linkage studies (Seddon et al. 2005) . The ratio can be about five SNPs to one microsatellite in parentage analyses (Glaubitz et al. 2003) , four to twelve SNPs for one microsatellite in genetic structure studies (Rosenberg et al. 2003) , or five to twenty in association studies (Ohashi and Tokunaga, 2003) . In QTL detection and fine genome mapping, increasing the number of markers would clearly be of interest and their usefulness would depend on the polymorphism present in the initial biological material.
The abundance of SNPs in plant and animal genomes, together with falling costs of detection and genotyping, and increased throughput have favored the use of SNPs in a wider range of studies. A large number of SNP-genotyping technologies have been developed in recent years (Gupta et al. 2008) including medium-to high-throughput SNP-genotyping methods in nonmodel species (Garvin et al. 2010) . Among these, the GoldenGate Genotyping technology from Illumina has been reported to be a reliable technology allowing the genotyping of large collections of samples (up to 480) for thousands of SNP markers (up to 3072), with high levels of SNP conversion rate (number of polymorphic SNPs divided by the total number of SNPs in the array) and reproducibility (Ganal et al. 2009 ). This assessment was corroborated in outbred species with high levels of nucleotide diversity (Grattapaglia et al. 2011) . We therefore chose this approach for the two oyster species in this study, which are Accepted Article undomesticated and very polymorphic at the nucleotide level. SNPs can be detected by amplicon resequencing targeting specific genes using large in silico sequence resources. In both Pacific oysters and European flat oysters large EST (Expressed Sequence Tags) databases already exist (Fleury et al. 2009; Morga et al. 2011 Morga et al. , 2012 Cahais et al. 2012 , Gayral et al. 2013 , allowing for an in silico approach to be used, whereas resequencing of amplicons has already been performed to detect a few SNPs in previous studies on linkage (Sauvage et al. 2010) , population structure, or evolution (Rohfritsch et al. 2013; Harrang et al. 2013) . This paper describes the discovery and design of the first sets of 384 SNP markers, combining in vitro and in silico detection approaches, in both the Pacific and European flat oysters, using the Illumina BeadXpress genotyping system. As breeding programs are being developed for the Pacific oyster, we also included a simulation analysis for this species in order to investigate the potential use of a sub-panel of the array in parentage analysis.
Material and methods

Biological material
For the Pacific oyster, biological material came from 1084 individuals from four different three-generation outbred pedigrees used for linkage and QTL mapping of juvenile ('spat') resistant to summer mortality. Furthermore, we added 194 samples from five European wild and selected populations, for a total of 1278 individuals. For the European flat oyster, fewer individuals were used (1070 in total), but 434 of them were similarly from four different three-generation outbred pedigrees used for linkage and QTL mapping of bonamiosis resistance and 636 from 16 natural populations sampled all over Europe.
Accepted Article
This article is protected by copyright. All rights reserved.
DNA was extracted from the oyster gills. A Wizard® DNA Clean-up System (Promega, Madison, Wisconsin, USA) was used when the samples were collected in 70% alcohol, and a QiAamp DNA mini kit (Qiagen) when the samples where fresh or frozen. DNA quantification was performed with a NanoDrop spectrophotometer (NanoDrop Technologies, LLC, Wilmington, DEL, USA). It should be noted that half of the individuals from the C. gigas QTL families were dying when sampled, thus reducing the DNA quality.
SNP discovery and selection for array construction
For each oyster species, two sets of SNPs were considered. Those that were detected in sequences obtained by sequencing a subset of individuals for candidate genes will be referred to as in vitro SNPs. Those that were detected by aligning different sequences from contig databases will be referred to as in silico SNPs.
Pacific cupped oyster
For the Pacific oyster, in vitro sequencing investigated 103 loci from ESTs retrieved from the Genbank database (http://www.ncbi.nlm.nih.gov/) or from specific libraries that had been obtained to detect genes differentially regulated during summer mortality events (Fleury et al. 2009 ). Primers were designed using the Primer3 software package (Rozen and Skaletsky 2000) . For a first set of ESTs (n = 61), 24 oysters belonging to a third generation of selection for summer mortality resistance were used in the SNP discovery phase (Sauvage 2008; Sauvage et al. 2007) . A second set of ESTs (n = 42) was then added and 10 of the 24 oysters were used for sequencing, as described in Sauvage et al. (2007) , together with a third set of
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five SNPs from the 20 developed by Bai et al. (2009) The call rate was then calculated for each oyster sample as the number of SNPs for which a genotype was obtained, divided by the total number of SNPs. If the call rate of a sample was below the call rate of the negative control, the sample was discarded from the analysis.
Furthermore, samples were discarded if they showed a GC50 (rate of genotyping success for at least 50% of the SNPs for a single individual) too different (±0.01) from the mean of all the samples.
Clusters were visually inspected to ensure high data quality (Fig. 1) . SNPs that did not show clear patterns of cluster separation were excluded from further analysis. Exclusion usually corresponded to situations of cluster compression (i.e. when the normalized theta values of
the homozygous clusters were not in the [0, 0.1] or [0.9, 1] ranges). Indeed, the compression of the BB homozygous cluster towards the AA cluster could result from a paralogous gene matching the A allele, which would increase the signal for the A dye for both BB and AB genotypes.
The minor allele frequencies of each SNP (the frequency of the allele in minority: MAF)
were calculated in both arrays.
Parental assignment power
In the Pacific oyster, for which several breeding programs are being developed, we performed an analysis to develop an efficient and accurate SNP panel for parental assignment. We used AccurAssign® software (Barbotte et al. 2012) , which uses the probabilities of Mendelian transmission of the markers and maximum likelihood for in silico validation. Briefly, the genotypes of parents and offspring of a given cross are simulated on the basis of the allelic frequencies of the markers in a set of populations (we used the set provided by the four population samples of Pacific oyster). This method allows genotyping errors to be taken into account. Then, the likelihood of a pair of parents for a given offspring is estimated. Four situations can arise: (1) the pair of parents is correct, (2) incorrect, (3) one parent cannot be assigned, or (4) neither of the parents can be assigned. In this study we compared six panels of 50, 75, 100, 150, 175 or 200 SNPs. The cross used to generate the simulated offspring involved 14 sires and 16 dams (each sire was crossed with 3 dams), for 3 generations. Two hundred offspring were generated in total. The genotypes of all parents and 200 offspring were simulated, and a genotyping error rate of 1% and missing genotype rate of 5% were applied. We then compared the likelihood of each pair of parents, considering the difference
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between the first and second most likely pair of parents, and the four possible situations described above.
Results
Construction of the SNP arrays
For the Pacific oyster, 321 in vitro SNPs were detected in the first dataset of 61 sequenced fragments, and 380 in the second dataset of 42 sequenced fragments. Among those 701 SNPs, 72 were selected (39 and 33 from the two datasets, respectively) because they had high functionality scores and no neighboring polymorphisms. However, as we wanted to be sure that some genes of interest were represented in the SNP dataset, for several ESTs we kept two (Fig. 2) .
For the flat oyster, a total of 420 in vitro SNPs were detected in the dataset of 40 sequenced fragments. Among them, the indels (n = 34) were discarded. Moreover, 347 SNPs were also discarded because of neighboring polymorphisms or low functionality scores. However, as we wanted some genes of interest to be represented in the SNP dataset, we kept some (n = 13) that had neighboring polymorphisms. To favor genotyping, those polymorphic nucleotides were treated as degenerated nucleotides. In total, 52 in vitro SNPs were included in the array, representing 35 different gene fragments. In contrast, a total of 1305 in silico SNPs fitted the
Accepted Article
proposed criteria. Therefore, we chose the 332 in silico SNPs with the highest Illumina Functionality score (>0.935) to complete the array (Fig. 2) .
Finally, for both species, the SNPs were mainly chosen in the highest ]0.9-1] class of Illumina Functionality scores (Fig. 2) , especially for the in silico SNPs of O. edulis (100%).
However, some SNPs with lower scores were also selected (sometimes those with scores even lower than the 0.6 recommended by Illumina) because: (1) for in vitro SNPs, we wanted to try to keep as many SNPs as possible that were located in genes related to traits of interest, (2) for C. gigas we did not have many SNPs, even after we relaxed the selection criteria. The list and characteristics of the SNPs in the two arrays are given in Tables S1 and S2 .
Reproducibility and success rate
According to the call rate and GC50 estimated for the samples, 24 C. gigas and 29 O. edulis samples were excluded from further analyses, which correspond to a loss of respectively 2.2% and 2.7 % of the samples. For the 10 replicated samples in the Pacific oyster and the 4 in the flat oyster, the same genotype was observed over the replicates within or between plates, giving a reproducibility rate of 100%.
Based on the GenTrain score and visual inspection of the cluster separation (Fig. 1) The GenTrain score distributions of the polymorphic SNPs were very similar for the two species: 4% and 10% below 0.5, 50% and 50% between 0.5 and 0.8, and 47% and 39% above 0.8 for C. gigas and O. edulis, respectively.
We measured the overall genotyping success rate by dividing the number of SNPs that were successfully genotyped by the total number of SNPs in the assay. This rate included both monomorphic and polymorphic SNPs. Then we measured the conversion rate, which only corresponds to the number of polymorphic SNPs, divided by the total number of SNPs in the assay, as defined by Fan et al. (2003) . For C. gigas, the overall success rate was 70.3% and the conversion rate was 60.4%. These rates were very similar to those measured for O. edulis where there was an overall success rate of 78.4% and a conversion rate of 60.9%.
Interestingly, this success was not strictly correlated with the Illumina functionality score (Fig. 3 ), but showed a significant increase after the score of 0.7, between 65 and 80% for C.
gigas and 60 and 81% for O. edulis (p-values of 0.0027 and 0.0001, respectively).
Finally, MAF indicated a bias toward lower allele frequencies for C. gigas (30% of SNPs, 
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Power of SNP panels for parental assignment Based on the estimation of MAF in a subset of 203 SNPs and four wild and selected populations of C. gigas, simulations were performed in order to test the power of assignment of several SNP panels of different sizes (Fig. 5) . With 150 markers, no pairs of parents were incorrect and the group of offspring assigned to both parents was distinguished from false positive results linked to one or two parents missing. Therefore, at least 150 markers from this panel with a mean MAF of 0.3 are needed to perform a powerful parental assignment.
Discussion
In non-model species, a classical approach to discovering SNPs relies on sequencing random genomic DNA fragments (Primmer et al. 2002) or targeting conserved regions of orthologous sequences from closely related species (Aitken et al. 2004) . In oysters, this second strategy Among the variety of technologies available for SNP genotyping, our main concern was to use one that offered flexibility in terms of multiplexing, as we did not know how many SNPs could be retrieved after the in silico analyses. Illumina's GoldenGate arrays allowed 48-384
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loci to be genotyped in a single reaction with the BeadXpress platform, and 96-1536 with BeadArray platform. When comparing the two oyster species, we can see that database availability had an important influence on the ease of obtaining an array. Nevertheless, we had to be less stringent for C. gigas SNP discovery in order to retrieve enough usable SNPs.
This can be observed with the Illumina functionality score (Fig. 2) However, sequencing errors could be observed both in in vitro and in silico SNPs because this step is performed in both cases, leading to false-positive SNPs (pseudo-SNPs). In our case, the difference between the two arrays could have arisen from the fact that some of the in vitro O. edulis SNPs were developed on oysters (from the wild or from selected families) that were eventually not included in the Illumina genotyping array. Hence the families they belonged to where not useful in our QTL analysis. Some of the in vitro SNPs proved to be very rare and
were not successfully genotyped in the panel of 1070 genotyped flat oysters. This genotyping failure could be partially explained by the high proportion of low Illumina functionality score
for failed in vitro O. edulis SNPs (48% below 0.7; 72% below 0.9). Thus, the genotyping success of SNPs in O. edulis could be particularly sensitive to the quality of the flanking sequences.
It should be noted that the C. gigas database is regularly updated and that the last assembly Without considering the SNP origin criteria, both arrays were very similar in terms of GenTrain score distributions for polymorphic SNPs, indicating a good rate of genotyping success. When the GenTrain scores were completed by a visual inspection of the clusters (Fig.   1) , the overall success rates were 70.3% and 78.4% for C. gigas and O. edulis, respectively, and the conversion rates were 60.4% and 60.9%. The oyster rates fall within the range of values seen in other non-model species, such as 66.1% to 71% in Eucalyptus (Grattapaglia et al. 2011), or 66.9% and 68.75% in the maritime pine (Lepoittevin et al. 2010; Chancerel et al. 2011 ), but are higher than the 40.6% obtained in catfish (Wang et al. 2008 ). The success rates are, however, very different from those success rates obtained in model species, which often exceed 80% as they can draw on more genomic databases or even on whole sequenced genomes (Hyten et al. 2008 , Rostoks et al. 2006 , Deulvot et al. 2010 , Yan et al. 2010 Accepted Article Loridon et al. 2013) . However, the conversion rate can drastically vary depending on the screening population used to detect SNPs. As a consequence, the conversion rate can be as low as 12.5-19.5% or 12.3-18.4% in F2 mapping families in maritime pine (Chancerel et al. 2011) or sugar pine (Jermstad et al. 2011) for SNPs that were not a priori screened for their polymorphism in the mapping pedigrees. On the contrary, the conversion rate reached 86% in a 384 array that was designed on the polymorphisms of the parents of the map in summer squashes (Esteras et al. 2012) . In non-model species particularly, genotyping failures may be due to (1) low quality of SNP flanking sequences, (2) the presence of an exon-intron junction near the SNP of interest, or (3) the assembly and/or amplification of paralogous sequences, leading to false-positive SNP and patterns as observed in Figure 1d . In this last case, the shifting of the two homozygous clusters together has been observed, leading to a "cluster compression" (Hyten et al. 2008 Yan et al. 2010 . Such SNPs patterns are discarded even when they show a clear cluster separation.
GoldenGate technology is a robust technology for genotyping, even in non-model species.
Although the functionality score calculated by the Illumina Assay Design Tool gives a first indication of the likelihood for a SNP to be successfully genotyped, even SNPs with low scores can still be genotyped. This is particularly important when SNPs of interest need to be included in an array, for example if they represent loci of interest (outliers in population genetics or QTLs to be included in a genotyping panel for use in selection). In the two oyster arrays, respectively 30 and 50% of SNPs with Illumina functionality scores below 0.7 could be genotyped. The genotyping success increased greatly, to between 60 and 80%, as this score increased above the threshold. The relationship between Illumina score and genotyping success is in agreement with a number of other studies performed in non-model species Accepted Article (Lepoittevin et al. 2010; Pavy et al. 2008) and supports Illumina's recommendations of using SNPs with functionality scores above 0.6. However, in the oyster arrays, the threshold was 0.7 for a clear improvement in genotyping success. Both arrays in the present study were very powerful as they showed excellent reproducibility and only a few samples had to be excluded.
It should be noted that although half of the individuals from the C. gigas QTL families were dying when sampled, thus reducing the DNA quality, there was no notable reduction in the genotyping results.
When considering the informativeness of arrays, the MAF parameter can reveal potential biases in interpreting genotyping data. In the oyster arrays, we observed a particularly high 
Although next-generation genotyping promises to become a powerful tool for population genomics and genomic selection, low to medium arrays will continue to be sufficient for many applications, especially in non-model species (Seeb et al. 2011) . The power and flexibility of the present array for European flat oyster will be used in several population studies at the European and bay scales in order to characterize the genetic diversity and structure of flat oyster populations, and to potentially identify discontinuities in the distribution of allele frequencies and signatures of selection. The C. gigas panel will be tested for characterization of the very closely related sub species C. gigas and C. angulata (Huvet et al. 2004 ) in order to confirm admixture observed in nature and characterize a set of diagnostic markers for the development of tools to be applied for conservation and management of both species (e.g. Pritchard et al. 2012; Burgarella et al. 2009 ). This panel will also be used to characterize French Pacific oyster resources used to start selection programs. Furthermore, it might allow a better characterization of the QTLs associated with survival during summer (Sauvage et al. 2010) . Even without marker-assisted selection, medium-throughput genotyping technologies can be useful in oyster breeding programs that are in progress, to provide tools to improve stock management or genotyping of mixed families in the hatchery.
With such strategies in mind, we performed a simulation analysis to make an initial estimate of the number of markers necessary to provide a powerful tool for parental assignment in the Pacific oyster. For the four wild oyster populations, we observed mean MAF levels close to 0.3 for a subset of our array, which is also the value observed after the genotyping of families produced in shellfish hatcheries (Haffray et al. 2013) . We therefore based our simulations on this value and observed that at least 150 markers from this panel with a mean MAF of 0.3 were needed to perform a powerful parental assignment. This result was the same order of magnitude as that estimated for French bovine parental assignment (Barbotte et al. 2012) ,
while considering crosses relevant for shellfish hatcheries (P. Haffray, pers. com.). This panel could be useful in parental assignment in breeding programs but also in restocking programs that are being considered for the Pacific oyster. Finally these first SNP panels will likely be improved, especially that for C. gigas, which will benefit from the availability of new transcriptomic assemblies and the recently sequenced genome (Zhang et al. 2012) .
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